Dendritic cell (DC) therapies using DC presenting tumor antigen/s can induce CD8 + CTL that mediate tumor eradication, nonetheless many patients remain unresponsive. Thus, cytokine gene vectors applied to DC may amplify these responses. Herein, we examined the responses that monocyte-derived DC (at different maturational stages) make when infected with a vaccinia virusinterleukin-2 (VV-IL-2) vector in vitro. VV-IL-2-infected DC secreted significant levels of bioactive IL-2 and maintained their antigen presentation function. However, we show that DC are exquisitely sensitive to their local antigenic microenvironment, and that responses generated by one antigen can be altered by another. VV-IL-2 infection of immature DC led to DC activation (upregulation of CD80, CD86 and class II surface molecules) when the virus was propagated through xenogeneic, but not syngeneic, mammalian cells; these DC secreted IL-10 and tumor necrosis factor-a (TNF-a), but not IL-12. In contrast, after VV-IL-2 infection (regardless of their mammalian cellular context), IFNg/LPS-matured DC inevitably downregulated their antigen presenting machinery. In conclusion, immunostimulatory DC can be generated by VV-IL-2, but this depends upon (i) infecting immature DC only, (ii) the mammalian cells through which the virus is prepared and (iii) individual donors; hence donors must be screened to assess their specific responses.
I
t is becoming clear that while solid tumors are not hidden from the immune system, the host antitumor immune response is ineffective at preventing tumor development. [1] [2] [3] As a result, a number of strategies have been used, including gene therapy, in an effort to boost antitumor immunity in cancer patients. We recently completed a phase I gene therapy trial in malignant mesothelioma (MM) patients involving intratumoral injections of a replication-restricted vaccinia virus-interleukin-2 (VV-IL-2) vector 4 . Vaccinia virus (VV) was chosen because its virology and safety are well described. Similarly, IL-2 was selected because it has demonstrated powerful effects in some animal models, 5 and in human clinical trials, [6] [7] [8] including MM.
9,10 VV-IL-2 did not generate systemic or local toxicities, and despite an anti-VV response, VV-IL-2 mRNA gene expression persisted in tumor biopsies for up to 3 weeks inducing a local T-cell infiltrate suggesting that VV-IL-2 may be an ideal gene therapy vector for cancer patients. In our study, no tumor regression was noted, which may reflect that the optimum therapeutic regimen has not yet been identified. Therefore, we examined the effects VV-IL-2 infection has on dendritic cells (DC), which are potent antigen presenting cells capable of activating naı¨ve and memory T-cells, 11 for two reasons. Firstly, after intratumoral injection, VV-IL-2 may infect tumor cells 4 and tumor-infiltrating DC. These DC may transport tumor antigens to regional lymph nodes (LN) where they present these antigens to T-cells (a process referred to as cross-presentation, 12, 13 generating an antitumor response. Importantly, we have shown that MM tumor antigens are constitutively cross-presented in tumor-draining LN for the duration of tumor growth, 2 but without ''help'' offered by CD4 + T-cells 14 or by IL-2, the resulting immune response cannot restrain MM tumor growth.
Hence, IL-2-expressing intratumoral DC may transport tumor antigens to the LN and offer ''help'' at the site it is most needed.
Secondly, DC-based therapies have emerged as a promising anticancer therapy; 15, 16 the rationale is that autologous DC are treated in vitro such that, after their return into patients, they evoke tumor-specific CD8 + cytotoxic T lymphocytes (CTL) that eradicate tumors via the same mechanisms discussed above. Studies using DC treated with tumor antigens, including those expressed by viral vectors, have demonstrated the generation of tumorspecific immune responses that were occasionally associated with objective responses [17] [18] [19] [20] [21] but, in general, the clinical outcomes have been disappointing; we speculated that these responses could be enhanced by expressing the IL-2 gene within DC. Thus, use of VV-IL-2-infected autologous DC may be an alternative to intratumoral VV-IL-2 injections.
The activation status of DC at the time of vaccination may be critical, and immature DC may inhibit rather than promote immunity. 22 Thus, mature DC that express high levels of class II and costimulatory molecules, and secrete IL-12, a cytokine critical for the generation of cellmediated immunity, rather than the immunoregulatory cytokine IL-10 are proposed to be the best vaccine candidates. Studies using wild-type, or recombinant, VV have demonstrated contradictory results; some studies report that VV infection modulates DC maturation reducing their antigen presentation capacity, [23] [24] [25] while others show that VV-infected DC readily induce specific effector CTL. [26] [27] [28] [29] [30] No studies, until now, have conducted a detailed examination of the effects an IL-2-encoding VV vector has on DC.
Ideally, VV-IL-2-infected DC will secrete IL-2, be activated, and traffic to tumor-draining LN providing sufficient IL-2 at the precise juncture when tumor antigens are presented to CD8 + T-cells, thereby preventing T-cell anergy, 14, 31, 32 and generating a potent, prolonged CTL response. As recent studies have shown that viral infection, or IL-2, can affect DC, we thought that it was important to understand the beneficial, or detrimental, effects VV-IL-2 infection has on DC. Therefore, these studies assessed the responses host DC (at different maturational stages) make during VV-IL-2 infection.
We show that DC are exquisitely sensitive to their local antigenic microenvironment, and that responses generated by one antigen can be altered by another. VV-IL-2 infection of immature DC induced production of significant amounts of bioactive IL-2, DC activation and maturation (upregulation of CD80, CD86 and class II), as well as maintenance of their antigen presentation capacity. However, these DC secreted IL-10 and tumor necrosis factor-a (TNF-a), but not IL-12. In contrast, mature DC downregulated CD80, CD86 and class II expression, but upregulated IL-12 secretion. However, these results were donor dependent and significantly influenced by the type of mammalian cell through which VV-IL-2 was passaged.
Methods

Preparation of monocyte-derived DC
Approval for the study was given by the Ethics Committee of the Sir Charles Gairdner Hospital, Perth, Western Australia. Peripheral blood mononuclear cells (PBMC) were isolated from healthy donors, aged 16-70 years, either from buffy coats or from 50 ml of heparinized blood by Ficoll-Paque (Pharmacia Biotech, Uppsala, Sweden) density gradient centrifugation. DC were prepared using a modified procedure to that described. 33 Except where indicated, cells were cultured in a complete medium containing LPS-free RPMI-1640 (Gibco BRL, Grand Island, NY), 10% FCS (Invitrogen, Groningen, The Netherlands), 10 mg/ml polymixinB (Sigma), 48 mg/l gentamicin (Pharmacia & Upjohn, Perth, Australia), 60 mg/l benzylpenicillin (CSL, Australia), 2 g/l sodium hydrogen carbonate (BDH, Victoria, Australia), 20 mM N-2-hydro-2ethylpiperazine-N-2-ethane sulfonic acid (Hepes; Gibco BRL) and 5 Â 10
Briefly, 10 8 PBMC were allowed to adhere to Falcon T75 culture flasks (Becton Dickinson, Mountain View, CA) in complete medium. After 2 hours at 371C, nonadherent cells were removed, and the remaining adherent cells were cultured for 7 days with 50 ng/ml GM-CSF (RD Systems, Minneapolis, MN) and 10 ng/ml IL-4 (RD Systems). Cultures were supplemented with cytokines and media on days 3 and 6. CD1a + DC expressing low levels of class II, and little or no CD80 or CD86 were considered to be immature (data not shown). To ensure that we routinely obtained DC expressing this phenotype, DC were continuously cultured in an LPS-free environment.
In some experiments, DC were primed with 20 ng/ml IFNg (Boehringer Mannheim, Indianapolis, IN) for 3-4 hours prior to the addition of other agents such as 10 mg/ ml lipopolysaccharide (LPS, Sigma) and/or the VV constructs.
Cell lines
The 143BTK
À cell line (referred to as 143B), a human fibroblast osteosarcoma cell line lacking the thymidine kinase (TK) gene (kindly donated by Dr Jane Allan, Department of Microbiology, University of WA, Australia), was maintained in minimum essential media (MEM) with l-glutamine (GIBCO BRL, NY) supplemented with 10% FCS, gentamicin and benzylpenicillin, and cultured at 371C in 5% CO 2 .
VV-IL-2 and the control VV
The recombinant VV expressing IL-2 (VV-IL-2) was constructed by isolating a 1 kb XhoI from pcD-IL-2 (KI Arai, DNAX Research Institute, Palo Alto, CA). 34 A 500 bp human IL-2 cDNA was inserted into plasmid pBCB07. This plasmid was introduced into the thymidine kinase (TK) gene in the J region of the NYCBOH strain of VV. TK-negative recombinant viruses were selected for IL-2 expression. 34 Vaccinia virus-IL-2 gene therapy of human DC S Mukherjee et al
The control (noncytokine expressing) virus vector (kindly supplied by Dr Jane Allan, Department of Medicine, University of Western Australia) consisted of VV encoding an immunodominant epitope, YPHFMPTNL, of murine cytomegalovirus pp89.
Propagation of recombinant VV constructs
The VV constructs were propagated in two ways. Firstly, confluent flasks of human fibroblast osteosarcoma 143B cells were infected with approximately 10 9 plaque-forming units (PFUS). After 3 days, cells were removed, resuspended in MEM/2.5% FCS, lysed by three freeze-thaw cycles, and stored at À701C. Secondly, under conditions appropriate to the Therapeutic Goods Act, the 143B cell line was initially used to produce VV-IL-2, which was then plaque purified and propagated in fibroblasts harvested from specific pathogen-free chicken embryos.
VV infection of DC
VV constructs were added at varying concentrations to 10 6 cultured DC/ml and left for 16-48 hours at 371C and 5% CO 2 . Culture supernatants were collected for cytokine measurement, and DC were washed and used in the experiments outlined below. In control experiments, DC were exposed to media, LPS with or without IFNg or recombinant human IL-2 (Cetus Corporation, Emeryville, CA).
Plaque-forming assay
A plaque-forming assay was used to determine viral concentrations. Virus constructs were added to confluent 143BT cells and incubated in MEM/2.5% FCS for 2 days, after which the medium was removed and 0.5 ml of 0.1% crystal violet (Sigma, St Louis, MO) in 20% ethanol was added for 5 minutes at RT and plaques were counted.
Allogeneic mixed lymphocyte response
Nonadherent PBMCs from blood samples obtained from healthy donors were used as the source of responder lymphocytes. Varying numbers of DC were cocultured with 2 Â 10 5 responder such that the DC:responder cell ratio ranged from 1:810 to 1:10, in complete medium, without polymixinB, IL-4 or GM-CSF. Plates were labeled with 1 mCi 
Immunohistochemistry and FACS analysis
Cell surface markers were analyzed by flow cytometry. Cells were incubated for 30 minutes at 41C with the following monoclonal antibodies (mAbs) diluted in PBS with 0.1% azide and 5% normal mouse serum (NMS): CD1a-FITC, CD80-PE, CD86-PE, HLA-DR-cychrome C, CD-25PE (all from Pharmingen, San Diego, CA). The cells were then washed and fixed in phosphate-buffered saline supplemented with 1% paraformaldehyde. In all, 10,000 events were acquired and analysis was performed on a FACScan (Becton Dickinson, Mountain View, CA) using Cell Quest software. The proportion of cells expressing CD1a, as a marker of DC purity, averaged 84711% (data not shown).
In order to determine the proportion of DC infected with VV-IL-2, cytospins of washed DC were prepared using a Shandon II cytocentrifuge (Shandon Lipshaw, Pittsburgh, PA) set at 800 rpm for 5 minutes, fixed with cold ethanol (100%), blocked with 1% BSA in PBS, incubated with rabbit anti-VV, and visualized using goat anti-rabbit conjugated to FITC with 25 mg/ml propidium iodide (PI; Sigma) in 1% BSA and 0.5% human IgG. Slides were mounted and sealed using 25% glycerol, 18% polyvinyl alcohol (PVA) in Tris buffer.
Cytokine assays
Quantitation of IL-2, IL-12p70, IL-10 and TNFa from DC supernatants collected 18-24 hours after treatment (as described in results) was performed using commercial ELISA kits (Pharmingen, San Diego, CA).
Determining IL-2 bioactivity
The bioactivity of IL-2 secreted from VV-IL-2-infected DC was assayed using a murine IL-2-dependent cytotoxic T-cell line (CTLL), as previously described. 35 Briefly, 10 4 CTLL cells/well/50 ml were plated with 50 ml of varying concentrations of test supernatant. CTLL proliferation was determined 24 hours later by [ 
Statistical analysis
One-way analysis of variance (ANOVA) was used to compare cytokine production from VV-IL-2-infected DC, or the mean 3 H-thymidine incorporation, within each group across the different groups. Minitab for Windows v12.1 (Minitab Inc.) was used to manage and analyze the data. Statistical significance was defined at the standard 5% level.
Results
Immature DC are infected by VV-IL-2 and secrete bioactive IL-2
As immature DC are efficient at antigen capture, the first series of experiments sought to determine whether VV-IL-2 could infect immature DC by determining the efficiency of infection (the transduction efficiency) of the virus for DC. We used VV-IL-2 virus in a chicken fibroblast lysate, as this viral preparation was administered intratumorally into MM patients in our clinical trial. assay on 143B cells (data not shown) and the numbers of plaques versus DC determined; in both systems, the transduction efficiency was determined to be 30% at an m.o.i. of 1.
Infected immature DC produced significant amounts of IL-2 (Fig 1b) . A dose-response was observed with the highest level of IL-2 produced by DC infected with the highest concentration of VV-IL-2 (1 Â 10 7 PFU; m.o.i of 10). DC incubated with media alone or LPS produced minimal amounts of IL-2. The IL-2 produced from VV-IL-2-exposed DC was shown to be bioactive when used in a CTLL assay (Fig 1c) .
VV-IL-2 infection stimulates immature monocytederived DC to express a mature phenotype
To determine whether VV-IL-2 infection alters the expression of molecules that are critical for antigen presentation and T-cell activation, immature CD1a + DC (expressing low levels of class II, and little or no CD80 or CD86) were infected with different concentrations of VV-IL-2 and surface marker expression was determined. VV-IL-2-infected DC were compared to uninfected, media alone, controls. After exposure for 24 hours to VV-IL-2 (10 7 PFU), 100% of immature DC prepared from different donors showed significant surface upregulation of the costimulatory molecule B7.2 (CD86; seen in a representative example in Fig 2a, and pooled data in Fig 2d) . This response was dose dependent; DC exposed to the highest concentration of VV-IL-2 (10 7 PFU) demonstrated CD86 expression levels similar to those seen in LPS-stimulated DC.
In contrast to the consistent effects that VV-IL-2 exerted upon DC expression of CD86, greater donor variation was seen with MHC Class II (HLA-DR; Fig 2d) and CD80 (Fig 2d) . In 50% of donors HLA-DR expression was unchanged, while in the remaining donors HLA-DR expression increased (Fig 2b) . CD80 expression varied in different donors (Fig 2c) . In individuals where an increase in CD80 expression was seen, the upregulation was dose dependent (Fig 2d) .
As this work used a viral construct coding for IL-2, expression levels of CD25 (the a chain of the IL-2R) on VV-IL-2-infected DC were also examined. CD25 expression was not altered in 75% of donors, while in the remaining donors a slight increase was seen (Fig 2d) .
To assess whether there were any intrinsic differences between DC from different donors that could explain the data described above, LPS/IFNg was used as a positive control. In contrast to the variable nature of immature DC responses to VV-IL-2, a reproducible and robust response was seen when DC were 'primed' with IFNg for 3-4 hours before the addition of LPS. A highly activated population of mature DC (Fig 2e) was generated that expressed increased levels of CD86, CD80, HLA-DR and CD25.
VV-IL-2 infection does not inhibit the antigen presenting function of DC
To assess the functional consequences of infection with VV-IL-2, we evaluated the ability of VV-IL-2-infected immature DC to stimulate allogeneic T-cells. DC infected with VV-IL-2 produced an allogeneic T-cell response that was not significantly different from LPS-stimulated DC (Fig 3) ; that is, we saw no evidence that infection with VV-IL-2 led to impaired antigen presentation. This was true regardless of the day the plates were labeled with 3 H (i.e. days 4, 5, 6 or 7 of culture; data not shown).
VV-IL-2 infection alters the surface phenotype of mature LPS/IFNg-treated DC
The data above demonstrated that VV-IL-2-exposed immature DC generally assumed a (more) mature phenotype. However, others have shown that wild-type, or recombinant, VV inhibits DC maturation of one or more of the molecules examined here. [23] [24] [25] Therefore, the next series of experiments examined the consequences of VV-IL-2 infection of IFNg LPS-matured DC. VV-IL-2 was added to IFNg ''primed'' DC at the same time as LPS. The data are shown as a comparison of IFNg/LPSmatured DC versus the same DC coexposed to VV-IL-2.
CD86 expression was inhibited, or downregulated, in 75% of donors (a representative sample is shown in Fig 4a; pooled data in Fig 4e) ; the levels varied from a minor change to a 3-4 log fold reduction. HLA-DR and CD80 levels were also reduced in 100 and 40% at donors, respectively (Fig 4b and c, respectively, and Fig 4e) . In the latter case, the reduction was not dramatic (up to a 0.5 log fold reduction) and 60% of donors did not alter their HLA-DR surface expression levels. Interestingly, CD25 surface expression increased in the majority of donors ;  Fig 4d and e) . Collectively, these data suggest that VV-IL-2 infection of mature DC generally downregulates IFNg/ LPS-driven expression of molecules on DC that are critical for the activation of naı¨ve T-cells.
VV-IL-2-exposed DC secrete IL-10 and TNFa but not IL-12 DC can release a number of cytokines that influence T-cell differentiation. IL-12 appears to be critical for cell-mediated immunity, TNFa is a proinflammatory cytokine, while IL-10 has important immunoregulatory properties that may be important in the generation of Vaccinia virus-IL-2 gene therapy of human DC S Mukherjee et al immune tolerance. Accordingly, the effects of VV-IL-2 on the ability of DC to produce these cytokines were tested. Immature DC infected with VV-IL-2 produced a dose-dependent increase in production of both IL-10 and TNFa (Figs 5a and b, respectively) , but even the highest viral load did not generate the levels seen in IFNg/LPSexposed DC.
Only trace amounts of IL-12p70 were produced by immature DC, or DC infected with varying doses of VV-IL-2 for 24 hours (Fig 5c) or 48 hours (data not shown) . DC matured only with LPS (i.e. without IFNg priming) and VV-IL-2-infected DC that had been primed with IFNg (but not stimulated with LPS) did not secrete IL-12 at either time point (data not shown). In contrast, high levels of IL-12 were produced from control IFNg/LPS-treated DC (Fig 5c) .
Unexpectedly, IFNg/LPS-matured DC cotreated with VV-IL-2 further increased IL-12 production relative to IFNg/LPS-only-mature DC (Fig 5d) . In contrast, IL-10 secretion from these mature DC did not change after exposure to VV-IL-2 (Fig 5d) .
The data above show that VV-IL-2 infection can modulate DC phenotype, and the pattern of cytokines they produce, but does not alter the antigen presenting Vaccinia virus-IL-2 gene therapy of human DC S Mukherjee et al function of DC. However, the VV-IL-2 preparation used in these initial experiments consisted not only of viral particles, but also cellular debris, and infected DC secreted IL-2. Thus, the next series of experiments evaluated the effect each of these separate components has on DC.
Exogenous IL-2 has no effect on the phenotype or function of immature or mature DC In order to determine the effect of exogenous IL-2, varying doses of IL-2 alone were added to immature and IFNg/LPS-matured DC 24 hours prior to FACS analysis. The IL-2 doses were based upon the levels secreted by VV-IL-2-infected DC and ranged from 100 to 2 ng/ml (see Fig 1) . In general, the expression levels of CD86, HLA-DR and CD25 of IL-2-treated immature DC were not different from those seen for the media only immature DC controls (data not shown). Similarly, the phenotype of mature DC remained unchanged after exposure to exogenous IL-2 (data not shown).
In one series of experiments, an excess of exogenous IL-2 (2000, 200 and 20 ng/ml) was added to DC for overnight culture. After washing, these DC were placed in an MLR assay. ANOVA analysis showed no difference between DC groups at all DC:T cell ratios tested (all p-values 40.96; data not shown). Hence, addition of exogenous IL-2 does not appear to alter DC function or phenotype significantly.
Cellular lysates can alter the phenotype of immature and mature DC
Embryo-derived fibroblasts from SPF chickens are not readily available; therefore we prepared lysates from the human 143B osteosarcoma cell line which is generally used to propagate VV, and examined the effects of these lysates on DC. It was estimated that 10 7 PFU of virus stock could maximally consist of 3 Â 10 6 lysed 143B cells. Varying doses of the cellular lysate were added to 10 6 immature or IFNg/LPS-matured DC and their phenotype determined 24 hours later.
Responses to 143B cellular lysate were consistent between mature and immature DC populations for CD25 and HLA-DR expression. CD25 expression was not significantly altered in immature (Fig 6a) , or mature DC (Fig 6b) . HLA-DR expression was generally down regulated in immature and mature DC (Figs 6a and b) ; however, these changes represented only slight shifts in staining intensity (data not shown).
Interestingly, expression of both costimulatory molecules (CD80 and CD86) was significantly upregulated in immature, lysate-exposed DC (Fig 6a) . In contrast, for mature, lysate-treated, DC, CD80 was either slightly Vaccinia virus-IL-2 gene therapy of human DC S Mukherjee et al downregulated or unaltered. Greater donor variation was seen with CD86 expression (Fig 6b) ; CD86 was weakly upregulated, not changed, or significantly (2.5 log fold) downregulated (Fig 6b and data not  shown) .
A noncytokine, control VV presented in the same 143B cellular lysate induces a different DC phenotype to DC given the lysate only A control VV (noncytokine encoding vector) propagated in 143B cells was used to infect immature and mature DC. In contrast to the results seen in lysate-only-treated DC, CD86 expression levels on immature DC were not altered in the majority of donors (Figs 6a and 7) after exposure to the control VV. In agreement with others using VV, CD80 was downregulated in 100% of donors; 25, 26 that is, the opposite response seen when immature DC were treated with lysate only (Fig 6a) or with VV-IL-2 (Fig 2) . Similarly, HLA-DR was generally downregulated on immature DC at the highest VV concentration used (Fig 6a) .
Mature DC (Fig 6b) exposed to the control VV generally decreased their expression levels of CD86 (see also Fig 7) , CD80 and HLA-DR relative to DC stimulated only with LPS/IFNg, although some donor variation was noted. CD25 responses on mature DC were highly inconsistent; reduced expression was seen in 44% of donors (n ¼ 9), unchanged or slightly elevated in the remaining donors. These data imply that signals delivered by the lysate are altered by the presence of VV viral particles.
VV-IL-2 in different cellular lysates generate phenotypically different DC
The VV-IL-2 construct was also propagated in 143B cells. Immature and LPS/IFNg-matured DC were exposed to 10 7 PFU of this viral preparation. In contrast to the VV-IL-2 prepared in chicken fibroblasts, CD25 expression on immature DC remained unchanged, and CD86 was inevitably slightly reduced (Figs 6a and 7) . HLA-DR expression varied in different donors from increased to decreased expression (Fig 6) .
In mature DC (Fig 6b) , VV-IL-2 in 143B lysate induced a similar response to that seen when the same virus was propagated in chicken fibroblasts, although less donor variation was seen with the former preparation; that is, downregulation of all markers examined. In some donors, CD86 expression decreased by 4 logs (Fig 7 and data not  shown) . HLA-DR expression was weakly downregulated while CD25 expression decreased or remained unaltered when exposed to VV-IL-2 in 143B lysate; in contrast, some donors increased CD25 after exposure to VV-IL-2 in the fibroblast lysate (Fig 6b) . or by the control VV (data not shown). However, IL-12 responses in mature DC differed greatly depending upon the cellular context the virus was propagated in. As expected, IFNg/LPS-matured DC secreted high levels of IL-12p70. Coexposure of IFNg/LPS-matured DC with the 143B lysate alone or the control VV (also in 143B lysate) resulted in slightly reduced IL-12 secretion (Fig 8) . Mature DC treated with VV-IL-2 in lysed chicken fibroblasts inevitably increased IL-12 production (Fig 8) , while (unexpectedly) the same VV-IL-2 construct prepared in lysed 143B cells significantly reduced IL-12 production to near zero levels (also in 100% of donors).
Discussion
While many current anticancer immunization regimens are able to induce immune responses, they are generally insufficient to induce tumor regression. One possible approach to this dilemma is to manipulate DC with cytokine genes in the hope that this may lead to an altered cytokine microenvironment within secondary lymphoid tissue that directly, or indirectly, enhances tumor-specific cytotoxic T-cell responses. As VV appears to be an ideal vector that can replicate in vivo without inducing adverse effects 4 and has been successfully used to transduce DC with tumor antigens, 26, [28] [29] [30] [36] [37] [38] [39] such that these DC induce antigen-specific CTL, we examined the effects an IL-2-encoding, replication-deficient, VV vector has on DC.
We chose IL-2 because immunologic manipulation of tumor-bearing hosts with IL-2 can, occasionally, lead to complete rejection of cancer by promoting CTL function. 40 Similarly, tumour cell lysate-pulsed DC have demonstrated enhanced antitumor therapeutic efficacy in vivo when combined with the systemic administration of IL-2. [41] [42] [43] Furthermore, DC possess IL-2 receptors, and IL-2 stimulation of CD25 (IL-2Ra) may play a role in antigen uptake and affect DC maturation. 44 
VV-IL-2 infected DC secrete IL-2 and maintain their antigen presenting function
Our study commenced with an examination of the responses monocyte-derived DC make to the same VV preparation used in our human gene therapy clinical trial, in which 10 7 PFUS of VV-IL-2 were given intratumorally to MM patients. 4 This viral preparation was prepared in a manner that satisfied the Therapeutic Goods Act, that is, in SPF chicken embryo fibroblasts. VV-IL-2-infected immature and LPS-matured DC, leading to the production of significant amounts of bioactive IL-2. IL-2 secretion was dose dependent and infected DC remained viable for at least 48 hours.
Studies using wild-type VV, or recombinant VV, found that VV infection did not lead to DC maturation. [23] [24] [25] These studies reported contradictory findings on the ability of VV-infected DC to stimulate T-cells. However, VV is highly immunogenic; and others have shown that VV-infected DC readily induced functional CTL responses. [28] [29] [30] 40 . Similarly, we found that DC infected with high VV-IL-2 doses were at least as capable as uninfected, LPS-matured DC to stimulate allogeneic Tcell proliferation. Vaccinia virus-IL-2 gene therapy of human DC S Mukherjee et al unaltered in different donors. In contrast, CD86 was inevitably upregulated in a dose-dependent manner reaching expression levels similar to those seen on LPSexposed DC. However, propagating the same viral vector in a different mammalian cellular context, the human fibroblast osteosarcoma (143B) cell line generated DC with a different phenotype; CD86 expression was never upregulated in immature DC, while HLA-DR was either downregulated or unaltered after exposure to VV-IL-2 in the 143B lysate. These data may explain the variable reports seen in the literature and have important consequences for those considering using DC and viral vectors. Furthermore, these data also suggest that DC can be significantly modulated by infection with VV-IL-2, but that the overall antigenic context, as well as individual donor features, play an important role in defining the DC phenotypic outcome.
DC respond differentially to their immediate antigenic and cytokine microenvironment
We dissected out DC responses to some of the individual components that would be found in VV preparations; that is, the cellular debris generated from the lysed cell line in which the virus was propagated, viral particles (using a noncytokine expressing control VV construct) and the cytokine itself. While there are reports showing that DC can transiently produce their own IL-2 45 which could result in DC maturation, treatment with exogenous IL-2 in this study did not induce a significant alteration in DC phenotype.
Recently, various forms of killed tumor cells have been used as a source of tumor antigens in DC vaccination protocols. However, there are conflicting data regarding the impact that killed (apoptotic versus necrotic) cells have on DC maturation and function. [46] [47] [48] We found that freeze-thawed lysate from 143B cells (a human osteosarcoma cell line) activated immature DC; CD80 and CD86 expression levels increased. This was confounded by HLA-DR responses that were generally downregulated, a phenomenon also seen in mature DC. Importantly, our data show that the DC phenotype induced by lysate was not retained when VV was also present.
The differential responses seen when a control VV vector, versus VV-IL-2, was applied to immature DC in the same (143B) lysate were of interest. In particular, the lysate alone increased CD86 expression, no change was seen with the control virus, and CD86 levels were decreased with VV-IL-2. These results suggest that DC may process a number of antigens simultaneously, all of which impact upon the DC, and that some antigens dominate over others in determining the eventual DC phenotype.
Differential responses of mature versus immature DC
Mature DC responses were more consistent than, but different from, those seen by immature DC after exposure to the same VV preparation. This could be because of differences in the antigenic uptake capacity of mature versus immature DC; phagocytosis of particulate antigen is more efficient in immature DC. DC maturation has also been linked to the presence of heat shock proteins (HSPs); hence chicken fibroblasts may contain higher levels of HSP than the 143B lysate. Alternatively, the foreign nature of chicken fibroblasts may be more immunostimulatory than human 143B tumor cells.
IL-12 production is another parameter of maturation, and immature DC did not produce IL-12. However, nor did DC treated with VV-IL-2 in chicken fibroblast lysate (with or without IFNg priming) despite evidence of maturation, although these DC did produce significant levels of IL-10 and TNFa, indicative of a ''DC 2 phenotype'', implying that they may induce either a Th2 response or, indeed, a tolerogenic response. DC required signals delivered by both LPS and IFNg before they produced significant levels of IL-12. Interestingly, DC treated with LPS, IFNg and VV-IL-2 produced contrasting IL-12 responses that appeared to be determined by the cellular context within which the virus was given; that is, VV-IL-2 in chicken fibroblasts further upregulated IL-12 production, versus VV-IL-2 in 143B lysate which virtually shut down IL-12 production. The latter observation was particularly striking given that mature DC exposed to the control VV in the same 143B lysate produced detectable levels of IL-12, strongly implying that VV-IL-2 delivers a potent, dominating signal.
Physiological outcome of the different DC phenotypes induced by VV-IL-2 infection
Numerous studies suggest that DC expressing a classic immunostimulatory phenotype (i.e. high levels of CD80, CD86 and MHC class II molecules in association with IL-12 production) are the DC that should be used as an anticancer agent. We found that VV-IL-2 within the human cellular lysate generally downregulated at least one of these surface molecules in both immature and mature DC, implying that this viral preparation may not be clinically useful. Whereas VV-IL-2 in a xenogeneic mammalian cellular context was better at stimulating immature DC to upregulate CD80, CD86 and MHC class II molecules, secrete IL-10 and TNFa but not IL-12, nonetheless they maintained their antigen presenting function.
Giving the same viral preparation to mature DC resulted in downregulation of CD86, CD86 and class II expression, while significantly upregulating IL-12 production. The physiological outcomes of these different DC phenotypes cannot be readily predicted and remains to be evaluated, although IL-12 may favor the development of a Th1 rather than a Th2 immune response. However, both Th subsets have been shown to eradicate tumors via different mechanisms 49, 50 and there is evidence that IL-12 is not an important factor in the immunostimulatory ability of CD40L-treated human DCs. 51 In conclusion, DC responses to multiple antigens are complex and vary between donors, which may explain the inconsistent results seen in DC-based clinical trials. We show that DC are exquisitely sensitive to their local 
